A chromosome territory is composed of chromosomal subdomains. The internal structure of chromosomal subdomains provides a structural framework for many genomic activities such as replication and DNA repair, and thus is key to determining the basis of their mechanisms. However, the internal structure and regulating proteins of a chromosomal subdomain remains elusive. Previously, we showed that the chromosome territory expanded after BAF53 knockdown. Because the integrity of chromosomal subdomains is a deciding factor of the volume of a chromosome territory, we examined here the effect of BAF53 knockdown on chromosomal subdomains. We found that BAF53 knockdown led to the disintegration of histone H2B-GFP-visualized chromosomal subdomains and BrdUlabeled replication foci. In addition, the size of DNA loops measured by the maximum fluorescent halo technique increased and became irregular after BAF53 knockdown, indicating DNA loops were released from the residual nuclear structure. These data can be accounted for by the model that BAF53 is prerequisite for maintaining the structural integrity of chromosomal subdomains.
INTRODUCTION

1
Each chromosome is encapsulated in its own chromosome territory (CT) within mammalian cell nuclei (Cremer and Cremer, 2010) . The internal structure of CTs has been the subject of intensive studies, and there is compelling evidence supporting the idea that CTs are built up from chromosomal subdomains. Chromosomal subdomains are higher-order chromatin structures comprising several hundred kb to several Mb each and have been visualized as bead images with diameters of 300 to 800 nm in fluorescence in situ hybridization (FISH) studies of natural mammalian chromatin and artificial tandem array systems, such as the lac operator array and MMTV tandem array (Muller et al., 2001; 2004; Tumbar et al., 1999) . Hi-C analysis has identified topological domains that are large, megabasesized local chromatin interaction domains (Dixon et al., 2012) . Topological domains are likely to correspond to chromosomal subdomains.
A chromosomal subdomain is also considered to be an independent structural and functional unit of replication. When labeled with a thymidine analog such as 5-bromodeoxyuridine (BrdU), replicated DNA is visualized as foci with a size of 400-800 nm diameter (Jackson and Pombo, 1998; O'Keefe et al., 1992) . Replication foci appear to be discrete and stable structures because these foci persist throughout subsequent cell cycles (Kennedy et al., 2000; Leonhardt et al., 2000) . Each replication focus contains an average of 1 Mbp of DNA. Taken together, it has been proposed that replication foci are another representation of chromosomal subdomains.
The internal structure of chromosomal subdomains has remained a matter of controversy. The multi-loop subcompartment model states that a series of ~100-kb chromatin loops are clustered to form ~1-Mb rosette-like multi-loop subcompartments (Munkel et al., 1999) . Assuming that chromatin is compacted into a 30-nm fiber, the subcompartment turns out to be a ~500-nm diameter compact structure in computer modeling, which is well consistent with the size of the subdomains demonstrated by FISH. On the other hand, EM images of thin sections of CHO and HeLa cells have demonstrated several features characteristic of fiber-like structure at a scale much smaller than the average diameter of ~500 nm (Belmont and Bruce, 1994) . Based on these observations, the chromonema fiber model has been proposed in which the chromatin constructs a series of progressive folds via intrafiber interactions, generating a series of thicker fibers: 60-80 nm and 100-130 nm in thickness. Recently, Hi-C data obtained for human cells turned out to be consistent with the fractal globule model on the scale of up to 10 Mb (Lieberman-Aiden et al., 2009) . A fractal globule is characterized by a hierarchy of crumples that are formed spontaneously by polymer collapse. Polymer collapse in interphase chromatin fibers could be provided by nuclear matrix attachment regions and DNA-binding condensing/linking proteins like cohesin and CTCF (Ji et al., 2013; Rao et al., 2014) . Therefore, chromosomal subdomains can be conceived as predominant crumples with sizes of approximately 1 Mb.
Interestingly, bead images of tandem array systems such as lac operator arrays and MMTV tandem arrays becoming elongated into a series of smaller beads in response to transactivation (Muller et al., 2001; Tumbar et al., 1999) . A single bead image of transcriptionally active regions in natural chromo-somes was elongated in response to the mode of transactivation as well (Muller et al., 2004) . These results indicate the protein scaffold and/or molecular crosslinks that play a pivotal role in the formation of chromosomal subdomains could be reorganized responding to its environmental cue. For example, the outgrowth and retraction of protein scaffold may yield a separation of several clusters of ~100-kb chromatin loops within a ~1-Mb multi-loop subcompartment, or partial removal of molecular crosslinks that keep a crumple formed may lead to differentiation into smaller crumples (Mirny, 2011) .
BAF53 is an actin-related protein (Arp) found in mammalian cell nuclei (Sung et al., 2001; Zhao et al., 1998) . Previously, we showed that BAF53 is required for the maintenance of chromosome territories (Lee et al., 2007) . When the expression of BAF53 was suppressed by short interfering RNA (siRNA) interference, chromosome territories were expanded by 2 to 2.4 fold. One likely cause of the expansion of chromosome territories is a release from constraints that limit free diffusion of chromatin fibers such as the linkage between DNA loops and the protein scaffold proposed in the multi-loop subcompartment model, or the molecular crosslinks according to the chromonema fiber model and fractal globule model. Regardless of the model being followed, a release from constraints that limit free diffusion of chromatin fibers within the chromosomal subdomains would inevitably result in disintegration of chromosomal subdomains. In this study, we examined this possibility, and found that BAF53 knockdown leads to the disintegration of chromosomal subdomains, as visualized by the expression of histone H2B-GFP. Chase experiments of BrdU-prelabeled replication foci revealed that BAF53 knockdown disintegrates replication foci structurally. Finally, DNA loops are released from the residual nuclear structure when BAF53 is depleted. Our findings suggest that the structural integrity of chromosomal subdomains can be disrupted when BAF53 is depleted.
MATERIALS AND METHODS
Cell culture and synchronization NIH3T3 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% calf serum with 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in a CO 2 incubator. HeLa cells stably transfected with H2B-GFP (Kanda et al., 1998) were cultured in DMEM supplemented with 10% fetal bovine serum, 600 ug/ml G418, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a CO 2 incubator. To synchronize the cell cycle at the G1/S border, NIH3T3 cells were incubated in complete medium with 5 mM thymidine for 12 h, washed and incubated in complete medium for 9 h, and then incubated in 5 mM thymidine again for 14 h.
Establishment of a HeLa H2B-GFP cell line
The H2B-GFP expression vector (Kanda et al., 1998) received from Addgene (Plasmid 11680) was transfected into HeLa cells using Lipofectamine. At 48 h after transfection, the cells were split into fresh medium containing 600 μg/ml G418 and then were cultured by feeding the selective medium every 3 days for 2 weeks until colonies could be identified. Twenty colonies were expanded, and we screened those clones that exhibited a high level of expression of H2B-GFP.
Formation of hypercondensed chromatin (HCC)
HCC formation was induced by incubating the cells in a hyperosmolar medium. One ml of 20× phosphate-buffered saline (PBS; 2.8 M NaCl, 54 mM KCl, 130 mM Na 2 HPO 4 , and 30 mM KH 2 PO 4 in H 2 O, pH adjusted to 7.4) was diluted with 19 ml of standard culturing medium (290 mOsm) to yield an osmolarity of 570 mOsm.
siRNA transfection and short hairpin RNA (shRNA) transduction NIH3T3 cells were cultured for 24 h in complete medium without antibiotics, and the cells were incubated in serum-free medium containing 100 nM siRNA with siPORTamine (Applied Biosystems) for 20 min at room temperature. We constructed the expression vector of the shRNA-BAF53 using the BLOCKiT™ Lentiviral RNAi Expression System (Invitrogen) and treated 1 × 10 5 NIH3T3 cells with 30% of the viral particles, which express shRNA-BAF53, to knockdown BAF53.
Immunoblot assay
Cells were lysed in 1× sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-Cl, pH 6.8, 10% glycerol, 2% SDS, 1% β-mercaptoethanol, and 0.01% bromophenol blue). The protein concentrations were determined using the BCA kit (PIERCE), and the samples were subjected to 10% or 15% SDS polyacrylamide gel electrophoresis. The proteins were transferred to polyvinylidene fluoride (PVDF) membranes (BIO-RAD) in 10% methanol in Tris-glycine for 90 min at room temperature; the membranes were then blocked in 5% nonfat dry milk in 0.1% Tween 20 in Tris-buffered saline (TBS), pH 7.6, for 1 h at room temperature. The membrane was incubated with primary antibody (BAF53, described in Lee et al., 2003 ; β-tubulin, #T4026, Sigma) overnight at 4°C and washed in 0.1% Tween 20 in TBS three times. After application of the secondary antibodies, the membrane was visualized by ECL (enhanced chemiluminescence).
Immunostaining
Fixed cells on a coverslip were incubated in 1.5 N HCl for 30 min to denature the DNA, and were washed with distilled water and neutralized in 0.1 M sodium borate for 5 min at room temperature. The cells were permeabilized in 0.5% PBS-T for 5 min, washed in 0.1% PBS-T briefly, and incubated in blocking solution (10% heat-inactivated calf serum and 0.5% gelatin in TBS) for 30 min. After a quick wash in 0.1% PBS-T, the primary antibody, anti-mouse BrdU (BD #555627), and then the secondary antibody, mouse FITC, were applied for 1 h each at room temperature. Next, 1 μg/ml Hoechst 33258 was used for counterstaining. Between these steps, we washed the cells three times in 0.1% PBS-T for 10 min each at room temperature.
DNA halo assay
Non-fixed nuclei on coverslips were incubated for 1 min in icecold NP40 buffer (0.5% NP40, 10 mM MgCl 2 , 0.5 mM CaCl 2 , 50 mM HEPES, pH 7.8) and sequentially dipped in 0.5 M, 1 M, 1.5 M, and 2 M NaCl containing 0.2 mM MgCl 2 and 10 mM TrisHCl (pH 7.4). To observe the DNA halo, the nuclei were incubated in 100 μg/ml ethidium bromide for 1 min in 2 M NaCl and exposed for 1 min to short-wave UV light.
BrdU chase
After 30 min or 6 h from releasing G1/S arrest, NIH3T3 cells were incorporated with 20 μM BrdU for 30 min. The cells labeled at early or late S phase were infected with lentivirus containing shRNA-BAF53 and then were cultured for 48 h before fixation. Fixed cells were immunostained with the anti-BrdU antibody.
RESULTS
BAF53 knockdown disintegrates chromosomal subdomains as visualized by the expression of histone H2B-GFP
We generated HeLa cells expressing histone H2B-GFP, which allows the visualization of chromosomal subdomains as bead images (Kanda et al., 1998) . The midsection of a fixed nucleus reveals that bead images are evenly distributed throughout the nucleoplasm, nuclear periphery and perinucleolar regions, although individual beads cannot be clearly discerned from each other (Fig. 1) . The less clear delineation of each bead image is probably due to out-of-focus light from the densely packed neighboring chromatin domains. To test whether BAF53 is required for the maintenance of chromosomal subdomains, we suppressed the expression of BAF53 by siRNA interference (Fig. 1A) . We employed the same population of HeLa cells stably expressing histone H2B-GFP for the control and BAF53-knockdown groups, and the expression levels of H2B-GFP were in fact comparable for the both groups (Fig. 1B) . After BAF53 knockdown, the nucleoplasm became more or less vacant of bead images, while the bead images at the nuclear periphery and perinucleolar regions became more conspicuous (Fig. 1C) . To visualize this change more clearly, we assigned a series of threshold values to the images and highlighted pixels with gray values above the assigned thresholds in red. Pixels highlighted in red started to decrease with the low threshold, TH = 40, and decreased precipitously with the higher threshold, TH = 60, in BAF53 knockdown cells (Fig. 1D) . By contrast, the number of red pixels decreased slightly with both thresholds in control cells. It is noteworthy that the red pixels that disappeared after BAF53 knockdown were preferentially located in the nucleoplasm, while the red pixels at the nuclear periphery remained relatively robust. Considering that the hallmark of bead images is repeated, stronger signals from locally overlapping segments of chromatin fibers arising from higher-order folding or clustering of chromatin loops, the decrease in the number of red pixels observed in BAF53 knockdown cells can be attributed to an unfolding of beads, leaving diffused fluorescence signals below the assigned thresholds. In addition, this finding suggests that beads in the nucleoplasm are preferentially unfolded after BAF53 knockdown.
It has been known that the placement of cells in hyper-osmolar medium leads to the formation of hypercondensed chromatin (HCC). This approach was employed to highlight chromosomal subdomains successfully (Albiez et al., 2006; Cremer et al., 2000) . Under hyper-osmolar conditions, hypercondensation of chromatin allowed clear visualization of chromosomal subdomains of H2B-GFP-tagged chromatin (Fig. 2) . Bead images with similar signal intensity and size were found throughout the nucleoplasm, nuclear periphery, and perinucleolar regions. Previously, it was shown that structural patterns of hypercondensed chromatin reflect a higher-order chromatin and interchromatin domain topology (Albiez et al., 2006) . Since the protein scaffolds that play a pivotal role in the formation of chromosomal subdomains are expected to be a primary determinant of the higherorder chromatin and interchromatin domain topology, this result suggests that chromatin coalesces with the underlying protein scaffold into a highly condensed mass during the hypercondensation process, and this process is delimited by the domain structure. Placement of BAF53 knockdown cells into hyper-osmolar medium also led to hypercondensation of chromatin, resulting in bead images similar to those of the control cells. This finding implied that condensation of chromatin under hyper-osmolar conditions is apparently unaltered after BAF53 knockdown. Significantly, however, the interchromatin-lacunas space widened after BAF53 knockdown. This change is more clearly demonstrated by assigning thresholds and highlighting pixels with gray values below the assigned thresholds in blue. The widening of the interchromatin-lacunas space argues that the even distribution of the protein scaffold that contributes to the formation of hypercondensed chromatin bundles, as well as chromosomal subdomains, is at least in part distorted or disrupted by BAF53 knockdown.
Early S-phase replication foci are selectively disintegrated by BAF53 knockdown Replication foci are stable structures that can persist throughout When cells in which replication foci were pulse-labeled with BrdU undergo several cell cycles, BrdU-labeled chromosomes were segregated, and it allowed a clear visualization of BrdUprelabeled replication foci. Therefore, this method provides another opportunity to examine the effect of BAF53 knockdown on chromosomal subdomains, as well. Another interesting feature of the formation of replication foci is its specific spatiotemporal order. Time course analysis of incorporated BrdU revealed that the formation of replication foci in NIH3T3 cells follows faithfully the specific spatiotemporal order that was demonstrated in CHO cells (O'Keefe et al., 1992). During early S-phase (up to 2 h into S-phase), replication foci were distributed at sites throughout the nucleoplasm, excluding the nucleolus and periphery of the nucleus. As S-phase progressed (mid S-phase, 4-6 h), replication foci at sites near perinucleolar and peripheral regions became predominant, and replication at the nucleoplasm decreased. In late S-phase (7 h), replication occurred at a few large regions that were presumably interior regions of heterochromatin. NIH3T3 cells were labeled with BrdU at the early or late Sphase and were split into two groups (Fig. 3A) . The control group was mock-treated, and the BAF53-knockdown group was infected with lentivirus containing shRNA-BAF53 (Fig. 3B ). Cells were furthered incubated for 48 h and then fixed and immunostained with anti-BrdU antibody. The number of pixels with staining above the assigned threshold per cell was counted. BAF53 knockdown dramatically reduced the number of replication foci pre-labeled at early S-phase (Fig. 3C) . Because the cells of the control group and BAF53-knockdown group were derived from the same cell population labeled with BrdU, the cells of the control group and BAF53-knockdown group should contain the same extent of BrdU. Considering this, this result strongly suggested that BAF53 knockdown leads to unfolding of BrdU-prelabeled stable units of chromosome structure, and this unfolding reduces the intensity of BrdU staining of replication foci below the assigned thresholds, which can no longer be recognized as foci.
Interestingly, BAF53 knockdown caused the opposite effect on the replication foci pre-labeled at late S-phase (Fig. 3D) . It increased the number of replication foci. This increase seems to be due to the reduction of segregation of pre-labeled chromosome because BAF53 knockdown leads to cell cycle arrest (Lee et al., 2007) . Taken together, these results indicate that BAF53 knockdown disintegrates early S-phase replication foci preferentially.
DNA loops are dissociated from the nuclear scaffold when BAF53 is depleted
According to the multi-loop subcompartment model, a chromosomal subdomain is a cluster of DNA loops (Munkel et al., 1999) . Because the dissociation of DNA loops from the nuclear scaffold would result in the disintegration of the chromosomal subdomain, we investigated whether BAF53 knockdown affects the attachment of the DNA loop to the nuclear scaffold. We measured the chromatin loop sizes using the maximum fluorescent halo technique (Vogelstein et al., 1980) . Nuclei were extracted with 2 M NaCl, and then were exposed for 1 min to short-wave ultraviolet (UV) light in the presence of ethidium bromide to observe the DNA halo. The nuclear scaffold was distinguished from the halo by immunostaining with anti-lamin A/C antibody (Fig. 4) .
The mean loop size estimated from NIH3T3 cell nuclei was 124 ± 12.4 kbp, which was comparable to the values reported for other somatic cell nuclei (Buongiorno-Nardelli et al., 1982; Vogelstein et al., 1980) . Two changes in DNA loop sizes were recognized after BAF53 knockdown. First, mean loop size was increased to 165 ± 20 kbp. Second, the size of loops in a single nucleus became largely irregular. The standard deviation of the loop size was less than 16.6 kbp in the control cell nuclei, indicating that the size of DNA loops is rather constant in the control cells. In the BAF53-knockdown cell nuclei, however, the standard deviation of the loop size was largely increased up to 51.2 kbp. Stochastic dissociation of DNA loops from the nuclear scaffold could account for these increases in mean loop size and the standard deviation of the loop size. We conclude that BAF53 is required for the association of DNA loops with the nuclear scaffold.
DISCUSSION
We previously reported that CTs expanded after BAF53 knockdown. Loss of the internal meshwork such as interactions between adjacent chromatin fibers or the anchorage of the chromatin fiber onto a protein-rich scaffold could account for the expansion of CTs. Because the internal meshwork is likely to act as a primary force that constitutes chromosomal subdomains, loss of the internal meshwork is expected to result in the disintegration of chromosomal subdomains.
In both of the approaches examined here, the data support that chromosomal subdomains become disintegrated when BAF53 is not available. Visualization of higher-order chromatin structure by the expression of H2B-GFP provides images closest to its natural state. Although the beaded features of chromosomal subdomains were blurred by out-of-focus light from highly overlapped structures, we found the beaded features became consistently less evident after BAF53 knockdown. In addition, we noticed that the loss of beaded features selectively occurred at the nucleoplasm, while bead images at the nuclear periphery and perinucleolar regions were less affected. It is generally accepted that replication focus is another manifestation of chromosomal subdomains (Cayrou et al., 2010; Muck and Zink, 2009) . Replication foci are formed by the association of several active replicons that fire DNA replication more or less simultaneously. If replicons adjacent to each other in a chromosome build a stable structure, the synchronous initiation of replicons within a given structure would result in the formation of replication foci. A study in which Chinese hamster ovary cells were incubated in [ 3 H] thymidine for 30 min before fiber autoradiography demonstrated that adjacently located replicons fire DNA replication at approximately the same time (Lark et al., 1971) . The grouping of replicons located adjacently in a chromosome and quasi-synchronous firing of all the replicons in each group have been further supported by DNA combing (Michalet et al., 1997) . In this study, we demonstrated that BAF53 is essential for maintaining the integrity of BrdUprelabeled replication foci. Furthermore, early S-phase replication foci were preferentially affected by BAF53 depletion. Previously, we examined the effect of BAF53 knockdown on BrdUlabeling during the progress of DNA replication. We found that BAF53 was required for BrdU-labeling at the early stage of DNA replication (Kwon and Kwon, 2012) . On the other hand, BrdU-labeling at the mid and late stages of DNA replication was not decreased by BAF53 knockdown. It is well consistent with the finding of this study that early S-phase replication foci were preferentially affected by BAF53 depletion. Because early Sphase replication foci are known to be located in the nucleoplasm, and mid and late S-phase replication foci are located at nuclear periphery and perinucleolar regions (Kennedy et al., 2000; O'Keefe et al., 1992; Zink et al., 1999) , this finding is well consistent with the observation that beaded features of H2B-GFP images were lost selectively in the nucleoplasm after BAF53 depletion.
It has been proposed that early S-phase replication foci are mostly composed of euchromatin abundant with active genes while late S-phase replication foci comprise heterochromatin (Kennedy et al., 2000; Leonhardt et al., 2000; Muck and Zink, 2009; O'Keefe et al., 1992) . Therefore, our observations suggest that BAF53 is essential for the formation of chromosomal subdomains of euchromatin but not that of heterochromatin. Because BAF53 knockdown left a residual amount of BAF53 in the cells, we cannot rule out the possibility that chromosomal subdomains of heterochromatin still require BAF53 but are resistant to the disintegration in the presence of low concentration of BAF53. Taken together, our data support the idea that the same structural change in a higher-order chromatin structure is responsible for the disruption of replication foci and disintegration of chromosomal subdomains. All of this evidence further supports the idea that the stable architecture of replication foci is a fundamental unit of interphase chromatin and that BAF53 plays an essential role in the formation of fundamental units of chromosomal architecture, namely chromosomal subdomains.
The detailed structure of chromosomal subdomains remains obscure. Nevertheless, DNA loops anchored to a protein scaffold have been a predominant model of the higher-order chromatin architecture of interphase chromatin. DNA loop structures have been observed using electron microscopy in the Miller spreading of the 75S RNA genes located at Balbiani rings of the fly Chironomus (Andersson et al., 1980) . The lampbrush chromosomes in amphibian oocytes were seen to be organized into a series of DNA loops, emanating from a chromosome axis (Spring and Franke, 1981) . The DNA loop structure of cultured cells in general can be visualized using the maximum fluorescent halo technique in which nuclei permeabilized with NP-40 were exposed to high salt concentrations to extract histones and non-histone chromatin proteins from DNA, preserving the attachment sites of DNA loops to the nuclear scaffold. Under this treatment, the DNA halo representing DNA loops appears as a smooth contour of a concentric circle, implying remarkable size regularity of DNA loops. In this study, we showed that BAF53 depletion led to the increase in the loop size from 124 ± 12.4 kbp to 165 ± 20 kbp, providing unequivocal evidence to support the idea that DNA loops dissociate from the nuclear scaffold when BAF53 is depleted. The loop size increases erratically, as demonstrated by the increase in the standard deviation of the loop size from 16.6 kbp to 51.2 kbp. This suggests that the dissociation of DNA loops from the scaffold does not proceed in unison but may occur in a stochastic manner. These results identify BAF53 as a candidate for a regulator protein for a chromatin-anchoring protein scaffold. It must be noted, however, that the dissociation of DNA loops from the nuclear scaffold is incomplete and stochastic after BAF53 knockdown. A low level of BAF53 remaining after BAF53 knockdown may explain this incomplete and stochastic dissociation. On the other hand, this result can be equally well explained based on the fractal globule model. Attractive interactions in chromatin are prerequisite for the formation of the fractal globule. It has been demonstrated that the removal of attractive interactions allows the region of the fractal globule to open up due to the chain entropy (Mirny, 2011) . Because several different interactions could contribute to attractive interactions for the fractal globule, BAF53 may be involved in one of the attractive interactions in the fractal globule. If that is the case, BAF53 depletion would result in an incomplete and stochastic dissociation of DNA loops from the nuclear scaffold as shown in the DNA halo assay.
Our studies indicate that BAF53 plays a role in linking DNA to the nuclear scaffold, which is essential for the formation of chromosomal subdomains. Certainly, the elucidation of the molecular mechanism by which BAF53 links DNA to the nuclear scaffold would be the next key question. BAF53 is an actinrelated protein, and has been shown to mediate the formation of branching networks of actin filaments in vitro (Rando et al., 2002 ). An actin branching network is the most versatile and dynamic scaffold present in the cells. Accordingly, branching networks of actin filaments are an ideal candidate for the internal meshwork, which is responsible for the formation of chromosomal subdomains. While raising many fundamental questions regarding the architectural basis for chromosomal subdomains, our data, which have revealed the requirement of BAF53 for the formation of chromosomal subdomains, would provide a framework toward further understanding of the higher order architecture of chromatin in interphase.
